We report the facile synthesis of graphene-CdLa 2 S 4 composite through a facile solvothermal method at low temperature. The as-prepared products were characterized by X-ray diffraction (XRD) and by Scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis and BET analysis, revealing the uniform covering of the graphene nanosheet with CdLa 2 S 4 nanocrystals. The as-prepared samples show a higher efficiency for the photocatalytic degradation of typical MB dye compared with P25 and CdLa 2 S 4 bulk nanoparticles. The enhancement of visible-light-responsive photocatalytic properties by decolorization of Rh.B dye may be attributed to the following causes. Firstly, graphene nanosheet is capable of accepting, transporting and storing electrons, and thus retarding or hindering the recombination of the electrons with the holes remaining on the excited CdLa 2 S 4 nanoparticles. Secondly, graphene nanosheet can increase the adsorption of pollutants. The final cause is that their extended light absorption range. This work not only offers a simple way to synthesize graphene-based composites via a one-step process at low temperature but also a path to obtain efficient functional materials for environmental purification and other applications.
Introduction
raphene, a semi-metal material with zero band gap, has attracted intense attention since it was discovered by Geim et al. in 2004.
1) The novel two-dimensional material possesses excellent electrical and optical properties, large specific surface area, and outstanding mechanical properties.
2,3) Recently, Peak et al. proved that graphene nanosheets can act as electronic conductive channels to improve the electrochemical performance of the graphene-SnO 2 composite.
4) Seger and Kamat demonstrated that graphene is an effective support material to disperse Pt nanoparticles.
5) Therefore, graphene is expected to serve as a scaffold to anchor nanoscale semiconductor photocatalyst and as a photosensitizer to enhance their photocatalytic activity under visible-light illumination at the same time.
Semiconduction photocatalysts are widely used in the destruction of organic pollutants. Now TiO 2 is the focus. However, its photo efficiency and photoresponse are insufficient due to the high rate of recombination of electrons and holes. 6) In addition, due to its large bandgap energy of 3.0 -3.2 eV, it can only be activated by UV light, which accounts only 3 -4% of the sunlight spectrum. 7) Therefore, this makes it necessary to design new photocatalysts to meet the requirements of future applications. Metal sulfides, as important semiconductors, have been used in many new application areas, such as quantum size effect, non-linear optical properties, laser communication and light-emitting diodes, 8) hydrogenation processes, and CO-shift reactions.
9,10) Also of broad interest are the photocatalytic properties of metal sulphides.
11)
The graphene-metal sulfide composites were traditionally prepared using graphene oxide (GO) as a starting material, and the oxygen-containing groups in GO controlled the decoration of nanoparticles without aggregation. In addition, the reduction of GO led to graphene-based composites with good charge transport property. Graphene-CdS composites were studied previously, 12, 13) and the fluorescence quenching effect of the composites indicated the effective transfer of photo-excited electrons from CdS to graphene and suppressed the recombination of photo-generated electron-hole pairs, thereby enhancing visible-light-induced photodegradation activity. Huating et al. reported a rapid microwave-assisted method for synthesizing graphene nanosheets-zinc sulfide nanocomposites and their application in photocatalysis.
14) The as-prepared graphene-based nanocomposites show an excellent photocatalytic activity toward the photodegradation of methylene blue. The detailed formation and photocatalytic mechanism were also provided in that report.
As a ternary semiconductor chalcogenide, CdLa 2 S 4 has a strong absorption in the visible light region with band gap energy of 2.1 ev; therefore, it has become a good catalyst for the photo-degradation of organic pollutants and photoproduction of hydrogen from water over the past few years. 15 . Hou et al. found that the coupling of CdS nanoparticles with CdLa 2 S 4 microspheres led to a significant increase in the photocatalytic H 2 production rate; nevertheless, Pt-loading was still required for H 2 evolution.
17) However, to date, very few studies in the literature have reported on the synthesis the CdLa 2 S 4 based on graphene nanosheets and applications on photo-degradation of organic pollutants.
In this paper, we report the synthesis of graphene nanosheets coated with CdLa 2 S 4 nanoparticles directly via a facile solvothermal method. The intrinsic characteristics of resulting composite were studied by X-ray diffraction (XRD) and Scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis. The photocatalytic activity of the as-synthesized graphene-CdLa 2 S 4 composite was evaluated by degradation of different organic dyes methylene blue (MB) and rhodamine B (Rh.B) in aqueous solution under visible light irradiation (λ > 400 nm). Table 1 shows the structure and properties of MB and Rh.B. Ammonium hydroxide (NH 3 H 2 O) was purchased from Duksan Pure Chemical Co. Ltd., Korea and used as received. Titanium oxide nanopowder (TiO 2 , < 25 nm, 99.7%) with anatase structure was used as control sample and was purchased from Sigma-Aldrich Chemistry, USA. All chemicals were used without further purification, and all experiments were carried out using distilled water.
Experimental Procedure

Synthesis of graphene oxide (GO)
In brief, 10 g of natural graphite powders were mixed with conc. H 2 SO 4 (230 ml) at 0 o C with vigorous magnetic stirring. In the next step, 30 g of KMnO 4 were slowly added to the flask, and the temperature was kept below 15 o C. The resulting mixture was stirred at 35 o C until it became pasty brownish, and it was then diluted to 150 ml using de-ionized (DI) water with continued stirring at below 90 o C. After adding water, the container was sealed and kept at 100 o C with vigorous stirring for 30 min, followed by the addition of 20% H 2 O 2 , drop by drop, within 5 min. The mixture was then washed several times with water, acetone, and 10% HCl solution to eliminate residual metal ions. The mixture was then heat treated in a dry oven at 90 o C for 12 h to obtain graphite oxide powder. For the preparation of graphene oxide, 200 mg of graphite oxide powder were mixed in 200 ml DI water (1 mg/ml), stirred for 30 min, and ultrasonicated for 1 h. The resulting solutions were filtered and washed several times with hot water and kept in a dry oven for 6 h to achieve graphene oxide powder. In order to obtain graphene as a control sample, graphene oxide was reduced via a mild chemical method according to our previous research.
18)
Synthesis of graphene-CdLa
nanocomposites In a typical experiment, about 200 mg GO was dispersed in 80 ml ethylene glycol and then exfoliated to generate graphene oxide nanosheet (GONS) dispersion solution by ultrasonication for 1 h. Subsequently, 0.386 mM (CH 3 COO) 2 Cd.2H 2 O and 0.772 mM La(NO 3 ) 3 . H 2 O were added to the GONS aqueous dispersion, followed by ultrasonication for 20 min. Afterwards, sodium thiosulfate anhydrous (Na 2 S 2 O 3 ) and 10 mL ammonium hydroxide (NH 3 H 2 O) were added to the mixture under vigorous stirring at 120 o C for another 12 h. The ammonia ensured maximal charge so as to prevent the aggregation of graphene oxide caused by the salt effect, 19) which was in favor of the uniform distribution of CdLa 2 S 4 on GNS. The final product was rinsed with distilled water and ethanol for several times and dried at 60 o C for 12 h. Pure CdLa 2 S 4 nanoparticles were also synthesized by the same procedure except that no GONS was used. The preparation conditions and a schematic illustration are shown in Fig. 1 and Fig. 2(a) , respectively.
Characterization
Crystallographic structure of the composites photocatalysts were obtained by XRD (Shimatz XD-D1, Japan) at room temperature with CuKα radiation (λ = 0.154056 nm) and a graphite monochromator, operated at 40 KV and 30 mA. The morphologies of the photocatalysts were analyzed by SEM (JSM-5200 JOEL, Japan) at 3.0 keV, which was equipped with an energy dispersive X-ray analysis system (EDX). The BET surface areas of the nanocomposite photocatalysts were determined through nitrogen adsorption at 77 K using a BET analyzer (Monosorb, USA). All the samples were degassed at 623 K before the measurement. The 
Photocatalytic studies
The photocatalytic activity of the sample such as P25, pure CdLa 2 S 4 , and GR-CdLa 2 S 4 nanocomposite were evaluated by the degradation of MB and Rh.B solution under irradiation of visible light (8W, Fawoo, Lumidas-H, Korea, λ > 420 nm). In an ordinary photocatalytic test performed at room temperature, 0.05 g photocatalyst was added to 50 mL of 2.0 × 10 −5 mol/L MB solution, which was hereafter considered as the initial concentration (c 0 ). To achieve more degradation activity of the GR-CdLa 2 S 4 nanocomposite industrial dye, Rh.B was also conducted at a high cconcentration (50 mL, 3.0 × 10 −5 mol/L).
The mixture was sonicated for 10 min and stirred for 120 min in the dark in order to reach adsorption-desorption equilibrium. The first sample was taken out just before the light was turned on in order to determine the dye concentration in solution after dark adsorption, which was henceforth considered as the initial concentration (c ads ). Samples were then withdrawn regularly from the reactor by orders of 30 min, 60 min, 90 min, and 120 min and immediately centrifuged to separate any suspended solid. The clean transparent solution was analyzed by using a UV-Vis spectrophotometer at wavelengths from 250 nm to 800 nm. Figure 2( GO can be reduced to graphene during the solvothermal reaction and the synthesized graphene sheets can restack to form poorly-ordered graphite along the stacking direction. Earlier studies have shown that if the regular stack of GO or graphite is broken, for example, by exfoliation, their diffraction peaks may also become weak or even disappear.
Results and Discussion
Characterization
22)
The morphologies of CdLa 2 S 4 , graphene and GR-CdLa 2 S 4 nanocomposites were investigated by SEM. As show in Fig. 3(a) , pure CdLa 2 S 4 particles appear as spherical particles with good dispersion and large size. From this figure, the overall structure can be clearly predicted such that graphene is a plate-like structure broken off in different directions. A flake-like morphology was observed for graphene, reflecting its layered microstructure ( Fig. 3(b) ). The large interlayer spaces and thin layer edges of graphene can be clearly observed. The morphology of GR-CdLa 2 S 4 composites has a substantial difference from that of the graphene sheets. Meanwhile, the spherical CdLa 2 S 4 nanoparticles with smaller size compared with pure CdLa 2 S 4 can be observed, which were tightly and evenly distributed on graphene sheets and formed a graphene-based nanostructure composite. Because of the presence of oxygen functionalities on the surface of the graphene sheet, electrostatic force arises among them in the form of Van der Walls interaction, in which the graphene sheet tends to aggregate back to graphitic structure. The attachment of nanoparticles on a graphene sheet is helpful to overcome these interactions.
23)
The graphene sheet acts like a support material to CdLa 2 S 4 particles that may be advantageous to supply a path for the generated electron and, as a result, will improve the photocatalytic behavior of the nanocomposites.
To get information about the change in element weight %, the prepared GR-CdLa 2 S 4 composite was examined by EDX. Fig. 4 shows the EDX microanalysis and element weight % of GR-CdLa 2 S 4 composite, which show the existence of C, Cd, La, and S. The strong C signal probably originates mainly from graphene nanosheets. The Lα 1 and L β1 peaks from the La element appear at 4.65 and 5.04 KeV, respectively, while the S peak comes from the precursor materials; Na 2 S 2 O 3 appears at Kα 1 2.309 KeV. Table 2 lists the numerical results of the EDX quantitative microanalysis of the samples.
Adsorption process and photodecolorization
Two steps are involved in the photocatalytic decomposition of dyes: the adsorption of dye molecules and photodegradation. Since the photo-oxidation reaction usually takes place at the catalyst surface, the adsorption characteristics of the system are expected to be quite important on the photocatalytic process. The ability of the MB to be adsorbed on the nanocomposite surface was tested using suspensions of MB and control sample P25, pure CdLa 2 S 4 , and GR-CdLa 2 S 4 composite in dark conditions. The dye adsorbs onto these samples, and after the first 2 h, a clear decrease in the MB solution concentration is shown in Fig. 5 . After this period, the adsorption-desorption equilibrium is achieved, and no more /g, respectively. The effect of catalyst composition on MB (2.00 × 10 −5 mol/L, 50 mL) degradation efficiency was investigated under visible light irradiation with a catalyst amount of 0.05 g. As shown in Fig. 5 , the adsorption effect of GR-CdLa 2 S 4 was better than that of any other sample due to the relatively higher surface area. The adsorptive effect of control sample TiO 2 was the lowest. GR-CdLa 2 S 4 has the largest BET surface area, which can enhance the adsorptive effect. Figure 5 also shows the change in the concentration of MB with different irradiation time in the presence of different photocatalysts, from which we can obviously see that the pure TiO 2 has little photocatalytic activity toward the photodegradation of MB solution. The MB solution degraded better, when introducing CdLa 2 S 4 particles. In contrast, it indicates that the MB molecules could be excellently degraded in the presence of GR-CdLa 2 S 4 composites. The degradation efficiency of MB with all samples generally under visible light follows the order of GR-CdLa 2 S 4 > CdLa 2 S 4 > P25, from which we can obviously see that the GR-CdLa 2 S 4 composites have a more excellent photocatlytic activity toward the photodegradation of methylene blue, which is due to the following reasons: (1) graphene nanosheets with wondrously high charge mobility acting as good electron acceptors, [12] [13] [14] are expected to improve the interfacial electron transfer and restrain the electron/hole (e − /h + ) pair recombination of GR-CdLa 2 S 4 and (2) graphene nanosheets with extremely high specific surface area 23) can enhance the dispersion of CdLa 2 S 4 nanoparticles and allow for greater photon absorption on the photocatalytic surface.
To demonstrate the photocatalysis activity and cyclic performance of the GR-CdLa 2 S 4 photocatalyst, consecutive photocatalytic, degradation reactions with higher Rh.B concentration were conducted in the presence of GR-CdLa 2 S 4 under visible light irradiation. Moreover, the dye solution increasingly lost its color intensity as the dye concentration continued to decrease. The decrease in concentration was evaluated at the λ max values of the dye, which were determined from the absorption spectra of the dyes. The λ max value of Rh.B was found to be 554 nm. In the case of GRCdLa 2 S 4 , Rh.B (3 × 10 −5 mol/L, 50 mL) was photodegraded to of 55.6% after achieving adsorption-desorption equilibrium at the end of 120 min, shown in Fig. 6(a) . As shown in Fig. 6 (b,) GR-CdLa 2 S 4 exhibited no significant loss of photocatalytic activity after four runs of Rh.B degradation. These results indicate that the GR-CdLa 2 S 4 photocatalyst has high stability and does not photocorrode during the photocatalytic oxidation of Rh.B. Thus, the GR-CdLa 2 S 4 composite is promising for practical photocatalyst applications in environmental purification. Graphene modification improves not only the photocatalytic performance but also the longterm stability of CdLa 2 S 4 nanocrystals. This result is significant from a practical viewpoint, as the enhanced photocatalytic activity and stability will lead to more cost-effective operation. These results further confirm that GR-CdLa 2 S 4 nanocomposite can be used as catalytic material in environmental purification processes or in waste water treatment in the future. The scheme of the charge transfer process between . 
Conclusions
In this study, GR-CdLa 2 S 4 visible-light-responsive composite photocataysts were synthesized by a facile solvothermal method. The formed CdLa 2 S 4 was triggered by a precipitation reaction uniformly distributed on the graphene sheets. SEM images show that CdLa 2 S 4 nanoparticles were attached to a graphene sheet. From the EDX data, the main elements like Cd, La, S, C existed in the composites. The catalytic activity of GR-CdLa 2 S 4 composites were examined by degradation of organic dyes in aqueous solutions under visible light irradiation. These results reveals the exceptional feature of graphene that makes it an excellent supporting material for semiconductor nanoparticles as an electron acceptor and transporter. Predominantly, this research results offer some significant evidence about the visible light active photocatalytic degradation process and its catalytic mechanism.
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